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added genes arc under the control of Zymomonas mobilis
promoters. This newly created microorganism is useful for
{ermenting pentoses and glucose, produced by hydrolysis of
hemicellulose and cellulose, to produce ethanol.
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RECOMBINANT ZYMOMONAS FOR
PENTOSE FERMENTATION

The United States Government has rights in this inven-
tion pursuant to Contract No. DE-AC02-83CH10093
between the United States Department of Energy and the
Midwest Rescarch Instilute.

FIELD OF THE INVENTION

This invention relates to recombinant Zymomonas mobilis
strains, metabolizing xylosc and bearing xylose utilization
and pentose phosphate pathway genes, useful for the fer-
mentation of the xylose component in cellulosic biomass to
cthanol. This invention also relates to the process of using
these strains for the rapid and efficient fermentation of the
xylose component in cellulosic biomass to cthanol.

BACKGROUND OF THE INVENTION

Cellulosic biornass is a favorable feedstock for fuel etha-
nol production because it is both readily available and less
expensive than either corn or sugarcane. However, substan-
tial hurdles must be overcome before a typical ccllulosic
{cedstock can be utilized cffectively as a substrate for the
fermentative production of ethanol. The typical feedstock is
comprised of approximately 35-45% cellulose, 30-40%
hemicellulose, 15% lignin and 10% of other components.
The cellulose fraction is comprised of polymers of the
hexose sugar, glucose. The hemicellulose fraction is com-
prised mostly of pentose sugars, and substantially of xylose.

Whereas microorganisms are known that can efficiently
ferment the glucose component in cellulose, conversion of
the xylose in the hemicellulose fraction to ethanol has been
difficult and this remains to be one of the cconomic bottle-
necks in a biomass to ethanol conversion scheme. The rapid
and cfficient utilization of the xylose component in cellulo-
sic biomass is desirable in the development of a commercial
process.

Zymomonas mobilis is a bacterium that has been utilized
as a natural fermentative agent in the production of alcoholic
beverages, such as pulque and palm wincs produced from
plant saps. Comparative performance trials have suggested
that Zymomonas may become an important industrial ctha-
nol-producing microorganism because of its 5-10% higher
yield and up to 5-fold higher productivity compared to
traditional yeast fermentations. Because of its potential
value, several processes based on the use of Zymomonas for
the production of industrial ethanol from glucose-based
feedstocks have been disclosed in U.S. Pat. Nos. 4,731,329,
4,812,410, 4,816,399, and 4,876,196.

While Zymomonas may become an important fuel ctha-
nol-producing microorganism from glucose-based feed-
stocks, its substrate utilization range is restricted to fermen-
tation of glucose, sucrose and fructose and, as such, it is not
naturally suited for fermentation of the xylose component in
cellulosic feedstocks. Zymomonas contains the Entner-Dou-
deroff pathway that allows it to ferment glucose very cffi-
ciently to ethanol as the sole fermentation product. However,
Zymomonas is naturally unable to ferment the xylose in
cellulosic biomass because it lacks the essential pentose
metabolism pathways. Thus, an opportunity exists to geneti-
cally engineer this organism for the fermentation of xylose
to ethanol.

Genetic engineering attempts have been made to enhance
ethanol production by fermentation by transferring genes
from one species to another. For example, see U.S. Pat. Nos.
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5,000,000 and 5,028,539. Gene cloning and cxpression of
various enzymes including enzymes for creating a new
metabolic pathway are also known. For example sce U.S.
Pat. Nos. 5,272,073, 5,041,378, 5,168,056 and 5,266,475.
However, none of these discoverics has successfully broad-
encd the fermentable substrate range of a microorganism
which could not previously ferment xylose to cthanol.

Previous attempts to introduce a xylose catabolic pathway
from cither Xanthomonas or Klebsiella into Zymomonas
have been unsuccessful and the recombinant strains were
incapable of growth on xylose as the sole carbon source
(Feldmann et al,, 1992. Appl. Microbiol. Biotechnol.
38:354-361; Liu et al., 1988. J. Biotechnol. 7 61-77).

SUMMARY OF THE INVENTION

The present invention successfully introduces a pentose,
such as xylose, catabolic pathway into a microorganism,
such as Zymomonas, which previously did not have the
ability to ferment xylosc into ethanol. For the first time, such
microorganisms are capable of growing on xylasc as a sole
carbon source and fermenting xylose directly to ethanol. By
introducing the genes cncoding xylose isomerase and xylu-
lokinase, xylosc can be converted to xylulose-5-P. Then, by
introducing two more genes encoding enzymes'in the pen-
tose phosphate pathway, transaldolase and transketolase,
xylulosc- 5-P can be further converted to the key interme-
diates that coupic pentose metabolism to the glycolytic
Entner-Douderoff pathway, and consequently, permit the
microorganism to metabolize xylose to ethanol.

A further aspect of the present invention is a composition
of Zymomonas mobilis containing the genes encoding
xylose isomerase, xylulokinase, transaldolase and transke-
tolase which may be under the control of one or more
promoters recognized by Z. mobilis, such that these genes
are expressed in Z. mobilis. The genes confer the ability to
grow on and ferment xylose dircctly to ethanol upon these
cells.

In particular, compositions of Z. mobilis are provided
which contain the xylose isomerase and xylulokinase genes
from Escherichia coli which may be cloned preciscly under
the control of the Z. mobilis glyceraldehyde-3-phosphate
dehydrogenase (GAP) promoter. The transaldolase and tran-
sketolase genes from Escherichia coli which may be cloned
preciscly under the control of the Z. mobilis enolase (ENO)
promoter, are also provided to Z. mobilis. All four of these
genes are expressed in the cells of Z. mobilis conferring
upon these cells the ability to grow on and ferment xylose
dircetly to ethanol. The cloned genes may be provided on
any number of vectors but preferably are contained on a
single plasmid vector. More preferably, the genes are inte-
grated into the host genome.

Another aspect of the present invention is cultures of
microorganisms with the above described abilities. The
cultures may be biologically pure or be mixed with other
strains or different organisms to aid in the metabolism of the
substrates or a mixture of substrates into ethanol. A related
aspect of the present invention is the culture broth per sc
which may tolerate a small amount of contamination.

Yet another aspect of the present invention is a process for
producing ethanol from a pentose, such as xylosc, or cellu-
losic feedstocks containing hemicellulose, by culturing the
above mentioned genetically-engincered microorganisms in
a culture medium containing the pentose.

An additional aspect of the present invention is the
modification of the catabolic pathway of a microorganism.
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such as Zymomonas, which previously did not have the
ability to ferment arabinose into ethanol. Such microorgan-
isms are capablc of growing on arabinose as a sole carbon
source and [crmenting arabinose directly to ethanol. By
introducing thc genes converting arabinose into ethanol, a
microorganism without arabinosc fermentation ability may
be conyerted into a microorganism capable of fermenting
arabinosc into ethanol.

The introduction of the genes for L-arabinose isomerase,
L-ribulokinase, and L-ribulose 5-phosphate 4-epimerase in
addition to transaldolase and transketolase should allow a
microbe, such as Zymomonas, to metabolize arabinose to
cthanol.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic of a process for producing a
recombinant plasmid.

FIG. 2 shows the yield of ecthanol using a control
Zymomonas mobilis and the present recombinant strain
when grown on certain sugars or a mixture of certain sugars
as the carbon source.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The invention is the development of recombinant
Zymomonas and other microbial strains with an expanded
substrate utilization range and which are capable of growth
on and/or efficient ethanol production from xylose or other
pentoses as the sole carbon source.

The microorganisms used to prepare the present invention
arc those which are capable of being genetically altered to
produce the necessary enzymes to form a metabolic pathway
for catabolizing pentoscs, particularly xylose. The microor-
ganism may naturally have some enzymes in the pathway
but will not be able to ferment xylose into ethanol until it has
been genetically altered.

The manner of genetic alteration may use any combina-
tion of known genetic engineering techniques such as muta-
tion and addition of foreign DNA, provided that the micro-
organism is able to ferment a pentose to ethanol after
trcatment. Foreign DNA may be introduced into the micro-
organism by any conventional technique such as conjuga-
tion, transformation, transduction or electroporation.

Many microorganisms which are capable of fermenting
sugars to ethanol lack at least one of the genes for the
enzymes which make up a metabolic pathway for converting
xylose and other pentoses into ethanol. Exogenous genes
may be added to complete a metabolic pathway. One need
not add genes necessary for every step if the host microor-
ganism already produces an enzyme in the pathway. The
number of genes to be added will depend on the starting
microorganism. In the situation of naturally occurring
Zymomonas mobilis, four genes may be added or native
genes altered to complete the pathway for metabolizing
xylose to an intermediate which is further metabolized to
ethanol using the glycolytic Entner-Douderoff pathway.

The indigenous Zymomonas genes may be altered by any
known genetic manipulation technique to provide a protein
with the necessary enzyme activity to produce the desired
metabolic pathway. The altered genes may complement one
or more of the introduced genes from another host to
complete the metabolic pathway. The use of this procedure
may bc advantageous by reducing the number of genes one
needs to add to the host cell. For example, Zymomonas's
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native transketolase may be used to substitute for a [orcign
transkctolase gene, such as the onc disclosed from E. coli.

Suflicient genes may be added so that the recipient
microorganism may ferment xylosc or other pentosc sugars
as the sole carbon source. The microorganism may or may
not be able to multiply on xylose as the sole carbon source
but may be capable of fermenting xylose to ethanol.

A gene may be added to a cell by way of a vector. The
vector may be in the form of a plasmid, cosmid or virus
which is compatible to the ccll’s DNA and any resident
plasmids. Generally, vectors either integrate into the recipi-
ent microorganism's DNA or the vector has an origin of
replication to stably maintain the vector throughout many
microbial generations. The origin of replication may code
for either stringent or non-stringent replication.

To express the gene(s), a structural gene is generally
placed downstream from a promotor region on the DNA.
The promotor must be recognized by the recipient micro-
organism. In addition to the promotor, one may include
regulatory sequences to either increase expression or to
control expression. Expression may be controlled by an
inducer or a repressor so that the recipient microorganism
expresses the gene(s) only when desired.

In a preferred embodiment of the invention, xylosc or
other pentose metabolic pathway genes are obtained from a
xylosc metabolizing microorganisms and added to
Zymomonas which does not ferment xylose to ethanol.
Especially preferred is Zymomonas mobilis which histori-
cally has been used for fermenting sugar containing liquids
(plant sap) into alcoholic beverages. Certain strains of
Zymomonas are tolerant of up to 1.5% sodium chloride and
other mutants are tolerant to acetic acid, other microbial
inhibitors, high temperatures and/or high ethanol concentra-
tions. The selection of host strain will depend on the
substrate being used. :

In another embodiment of the invention, the source for the
genes encoding xylose metabolism is Xanthomonas, Kleb-
siclla, E. coli, Rhodobacter, Flavobacterium, Acetobacter,
Gluconobacter, Rhizobium, Agrobacterium, Salmonclla,
Pseudomonads and Zymomonas. In general the source of the
genes for pentose metabolism is any Gram-negative bacte-
rium capable of utilizing pentose sugars for growth. A
preferred organism for the source of genes is E. coli. The
preferred genes encode L-arabinose isomerase, L-ribuloki-
nase, and L-ribulose S5-phosphate 4-epimerase, xylose
isomerase, xylulokinase, transaldolase and transketolasc.
Expression of these genes is under the control of promoters
that function in Zymomonas. Strong glycolytic promoters
are preferred. The promoters for glyceraldehyde-3-phos-
phate dehydrogenase and enolase are particularly preferred.
Different genes may be under the control of different pro-
moters or other expression altering sequences.

Some or all of the genes may be located together in the
same vector or they may be on different vectors or integrated
into the genome. Their expression may be so that the newly
formed metabolic pathway is formed to enable thc micro-
organism (o ferment xylose or other pentoses to ethanol.
Preferably, the genes for xylose isomerase, xylulokinase,
transaldolase and transketolase are under the control of one
or more functional promoters when in Zymomonas. The
genes on a vector may be in any order, grouping or orien-
tation relative to each other, providing that, if more than one
promotor is present on the vector, the dircction of transcrip-
tion from one promotor does not adversely affect expression
of the genes.

In other preferred embodiments of the present invention,
a genetic element comprising any two or more of the above
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described genes may be placed on the same vector. Particu-
larly preferred is a plasmid containing both the transaldolase
and the transkctolase genes. These vectors preferably have
the genes under the control of a promotor recognized by
Zymomonas. The Examples below show pZBET, pZB4 and
pZBS, all of which arc cxamples of vectors carrying DNA
encoding two or more of the above described genes.

The expression of the four genes and the resulting func-
tional activity of their corresponding gene products repre-
sent a new biochemical pathway that links xylose metabo-
lism to the central Entner-Douderoff pathway in
Zymomonas, conferring upon these cells, for the first time,
the ability to grow on and ferment xylose directly to cthanol.
The genes on a vector may be in any oricntation relative to
the dircction of transcription of these genes provided that
they do not interfere with each other. The examples below
have shown the genes to perform in essentially the same way
regardless of the orientation.

The microorganism according to the present invention
may be mixed with any xylosc or other pentose containing
medium and allowed to ferment the medium to produce
ethanol. The medium may include other fermentable sugars,
such as glucose. If microbial growth is desired, other nutri-
ents which are necessary for microbial growth may be added
and the microorganism allowed to reproduce.

Transaldolase and transketolase are key enzymes of the
pentose phosphate pathway and are required for fermenta-
tion of any penlose sugar by Zymomonas to cthanol.
Another preferred embodiment is the expression of these
genes in Zymomonas in conjunction with any other set of
genes that allow the utilization of a specific pentose sugar,
such as xylose or arabinose. An example of added genes
needed for fermentation of arabinose are L-arabinose
isomerase, L-ribulokinase, and L-ribulose 5-phosphate
4-epimerase genes in addition to transaldolase and transke-
tolase gencs.

In an especially preferred embodiment of the invention,
xylose, arabinose and other pentose utilization genes along
with the genes for transaldolase and transketolasc are
obtained from organisms that contain these genes and are
expressed in Zymomonas. Efficient transport of the pentoses
into Zymomonas may be through native Zymomonas trans-
port proteins, mutated Zymomonas transport proteins, or
through the addition of new facilitated transporters intro-
duced by cloning new transport genes into Zymomonas with
or without mutagenesis of the cloned transport genes.

The step of microbial growth may be separate from
fermentation. Xylose and other pentoses may be used as a
carbon source for microbial growth or one can separately
culture the microorganism on any medium (with or without
a pentose) until sufficient numbers of microorganisms are
present as a first step and then a xylose containing medium
is added for fermentation in a second step. If a two step
method is used, one may control expression of the genes in
the new metabolic pathway so that greater expression occurs
during the second step.

The choice of substrates will depend on cost and supply
of the substrate to be fcrmented to ethanol. A typical
low-cost supply of pentoses is from hemicellulose. Xylose
and other pentoses are liberated from hemicellulosic mate-
rials by steam and/or an acid or alkali. Smaller amounts of
other sugars such as glucose are also scparated during this
treatment and are also fermented by Zymomonas to cthanol.

When the substrate is cellulosic materials, the cellulose
may be hydrolyzed to sugars simultaneously or separatcly
and also fermented to ethanol. Since hemicellulose is gen-
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erally easier to hydrolyze to sugars than cellulose, it is
preferable to first prehydrolyze the cellulosic material, sepa-
rale the pentoses and then hydrolyze the cellulose by treat-
ment with steam and/or acid or alkali or cellulases to form
glucose. Both sugars may be simultancously or separatcly
fermented to ethanol using the microorganism of the present
invention. Il so desired, the hexoses may be [ermented by a
different microorganism to ethanol, such as yeast, natural
Zymomonas, etc.

Many fermentation conditions arc known per sc as shown
by the patents mentioned in the Background of the Invention
scction above. Zymomonas mobilis is a facultative anacrobic
bacterium. It has theoretical yiclds of cthanol from sugar of
up to 97% which provides for little microbial growth if so
desired. The pH conditions are 3.5 to 7.5. Substrate con-
centrations of up to 25% (based on glucosc), and under some
conditions even higher, may be used. Unlike other cthanol
producing microorganisms, no oxygen is nceded at any stage
for microorganism survival. Also unlike ycast, oxygen does
not drastically reduce ethanol productivity or greatly
increase cell growth. Agitation is not necessary but may be
desirable to enhance availability of substrate and diffusion of
ethanol. Accordingly, the range of fermentation conditions
may be quite broad. Likewise, any of the many known types
of apparatus may be used for the present invention.

The microorganism according to the present invention
may be used as a biologically pure culture or it may be used
with other ethanol producing microorganisms in mixed
culture. Biologically pure cultures are generally easier to
optimize but mixed cultures may be able to utilize additional
substrates. One may also add cnzyme(s) to the fermenter to
aid in the degradation of substrates or to enhance ethanol
production. For example, cellulase may be added to degrade
ccllulose to glucose simultancous to the fermentation of .
glucose to ethanol. Likewise, a hemicellulase may be added
to degrade hemicellulose.

In the preferrcd embodiment using a genetically engi-
neered Zymomonas, Zymomonas cultures are relatively
resistant to contamination by other microorganisms. None-
theless, it is preferred to sterilize or at least kill substantially
all microorganisms in the substrate being added to the
Zymomonas cuiture.

After fermentation, the cthanol, which may achieve con-
centrations of up to about 13%, is scparated from the
fermentation broth by any of the many conventional tech-
niques known to separate ethanol from aqueous solutions.
These methods include evaporation, distillation, solvent
extraction and membrane scparation. Particles of substrate
or microorganism may be removed before ethanol separa-
tion to enhance scparation efficiency.

Once the fermentation is complete, excess microorganism
and unfermented substrate may be either recycled or
removed in whole or in part. If removed, the microorganism
may be killed, dried or otherwise treated. This mixturc may
be used as animal fced, fertilizer, burnt as fuel or discarded.

While the discussion of the fermentation in this specifi-
cation generally refers to a batch process, parts or all of the
entire process may be performed continuously. To retain the
microorganism in the fermenter, one may separate solid
particles from the fluids. This may be performed by cen-
trifugation, flocculation, sedimentation, filtration, etc. Alter-
natively, the microorganism may be immobilized to retain it
in the fermenter or to provide easicr scparation.

Unless specifically defined otherwise, all technical or
scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
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which this invention belongs. Although any methods and
malerials similar or equivalent to those described herein can
be used in the practice or testing of the present invention, the
preferred methods and materials are better illustrated by the
use of the following non-limiting examples.

EXAMPLE 1
Isolation of the Xylose Isomerase and Xylulokinase

Genes and Fusion to a Zymomonas GAP Promoter

The Escherichia coli xylose isomerase and xylulokinase
genes were initially obtained on a 7 kb Hpal/EcoRI restric-
tion fragment from plasmid pLCI1-3 (Clarke, L. and J.
Carbon, 1977. Cell. 9:91-99). This DNA fragment was

Notl

8

DNA f{ragments were recovered from an agarose gel and
combined in a second PCR in which the complementary
cnds at the 3-end of the GAP promoter and the 5'-end of the
xylosc isomerase gene were anncaled. The addition of the
5'-GAP and 3'-xylA primers then allowed the synthesis of a
1213 bp DNA fragment comprising a precisc fusion of the
GAP promoter to the 5-end of the xylose isomerase gene.

The primers used to synthesize the 308 bp DNA fragment
comprising the GAP promoter were based on the known
DNA sequence of the 5-flanking region of the GAP gene
(Conway et al., 1987. J. Bacteriol. 169: 5653-5662) and
included:

5-PRIMER: 5 CCCTCGAGCGGCCGCGTTCGATCAACAACCCGAATCCTATCG-3,SEQ ID NO: 1

Xhol

3-PRIMER: 5-GGTCAAAATAGGCTTGCATGTTTATTCTCCTAACTTATTAAGTAGCTATTATATTCC-3' SEQ ID NO: 2

reccovered from an agarose gel and subcloned into the
Smal/EcoR! sites in a pBlueScript plasmid (Strategene,
LaJolla, Calif.), which had been dephosphorylated with calf
intestinal phosphatase, to generate the plasmid designated
pBSX.

To remove cxcess DNA, pBSX was digested either with
Nsil and HindllI or with Nsil and Smal. A fter treatment with
T4 DNA polymerase, the digested DNAs were scparately
ligated under dilute conditions favoring intramolecular liga-
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A 15 bp DNA sequence, comprising restriction sites for the
restriction enzymes Xhol and Notl, was incorporated at the
5-end of the synthesized GAP promoter. A 19 bp DNA
sequence (BOLD), corresponding to the 5'-end of the xylose
isomerase structural gene, was added to the 3'-cnd of the
synthesized GAP promoter.

The primers used to synthesize the DNA fragment com-
prising the first 893 bp of the xylose isomerase structural
gene were based on its known DNA sequence (Lawlis et al.,
1984, Appl. Environ. Microbiol. 47: 15-21) and includced:

5-PRIMER: 5-GTTAGGAGAATAAACATGCAAGCCTATTTTGACCAGCTCGATCGCG-3',SEQ ID NO: 3

§5-GGTTGGCGTCGACAGAAC-3'SEQ ID NO: 4
Sali

tion and were then transformed into E. coli HB101. Restric-
tion analyses of the plasmid DNA from ampicillin-resistant
transformants confirmed the presence of the expected dele-
tion derivatives. The plasmid with the expected 587 bp
Nsil/HindIIT deletion was designated pXKH and contains
the xylosc isomerase and xylulokinase genes with the
3'-flanking xylose operon transcriptional terminator. The
plasmid with the approximately 900 bp Nsil/Smal deletion
was designated pXKS and contains the xylose isomcrase and
xylulokinase genes without the 3'-flanking xylose operon
transcriptional terminator.

To express the xylose isomerase and xylulokinase genes
in Zymomonas, they werc precisely fused to a Zymomonas
glyceraldchyde-3-phosphate  dehydrogenase {(GAP) pro-
moter using a polymerase chain rcaction (PCR)-mediated
_ overlap extension technique. This approach allowed precise
fusion of the GAP promoter containing a ribosome binding
site to the translational start codon of the xylose isomerase
gene, thus ensuring that the expression of the xylose
isomerase and xylulokinase genes would be regulated solely
by the GAP promoter.

To accomplish this precise fusion, 308 bp of 5'-flanking
DNA upstream of the GAP structural gene comprising the
GAP promoter and the first 893 bp of the xylose isomerase
struciural gene were separately synthesized in a PCR using
a common linking oligonucleotide primer. The individual

40

45

50

65

An 18 bp DNA sequence (BOLD), corresponding to the
3'-end of the GAP promoter was added to the 5-end of the
synthesized xylose isomerase suuctural gene fragment.

The 1213 bp DNA fragment, comprising a precise fusion
of the GAP promoter to the 5'-end of the xylose isomerase
gene was used to replace a 2.5 kb Xhol/Sall restriction
fragment containing the native xylose isomerase promoter
and 5'-end of the xylose isomerase gene in plasmids pXKH
and pXKS. The 1213 bp DNA fragment was digested with
Sall and Xhol restriction endonucleases and ligated sepa-
rately to the larger of the two Sall/Xhol restriction fragments
from plasmids pXKH and pXKS, previously purificd by
preparative agarose gel electrophoresis. The ligated DNA
was used to transform E. coli HB101 and restriction analyscs
of the plasmid DNA from ampicillin-resistant transformants
confirmed the presence of the expected plasmids, which
have been designated as pGapXKH and pGapXKS. Diges-
tion of either plasmid with the Notl restriction enzyme
liberates the approximately 4.1 kb and 4.4 kb restriction
fragments, respectively, containing the xylose isomerase and
xyluldkinase genes under the control of the GAP promoter.
hereafter referred to as the GAP-xylA/xylB opercn. This
construct is shown in FIG. 1.
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xylosc as a carbon source. The recombinant strain produces
cthanol from glucosc as efficiently as the control strain at
94% of theoretical yield. The recombinant strain addition-
ally produces ethanol from xylose at 84% of theoretical

yicld in 79 hours. Furthermore, in the combined presence of 5

glucose and xylose, the recombinant strain ferments both
sugars simultancously to ethanol at 88% of theoretical yicld
within 48 hours, thus providing the foundation for advanced
process designs with cofermentation of mixed-sugar feed-
stocks.

The foregoing description of the specific embodiments
reveal the general nature of the invention so that others can,
by applying current knowledge, readily modify and/or adapt
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for various applications such specific embodiments without
departing from the generic concept, and, therefore, such
adaptations and modifications should and are intended to be
comprehended within the meaning and range of cquivalents
of the disclosed embodiments. It is to be understood that the
phrascology or terminology cmployed herein is for the
purpose of description and not of limitation.

All references mentioned in this application are incorpo-
rated by reference. ’

SEQUENCE LISTING

( | ) GENERAL INFORMATION:

(it i) NUMBER OF SEQUENCES: 10

{ 2 ) INFORMATION FOR SEQ ID NO:1:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 42 basc pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: lincar

{ i 1 ) MOLECULE TYPE: DNA (genomic)

(i i )HYPOTHETICAL: NO
i v ) ANTI-SENSE: NO
( v ) FRAGMENT TYPE: internal

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:1:

CCCTCGAGCG GCCGCGTTCG ATCAACAACC CGAATCCTAT CG

¢ 2 ) INFORMATION FOR SEQ [D NO:2:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 57 basc pairy
{ B } TYPE: nucleic acid
( C ) STRANDEDNESS: single
{ D ) TOPOLOGY: lincar

{ i i ) MOLECULE TYPE: DNA (genomic)

(i i i )HYPOTHETICAL: NO
i v ) ANTI-SENSE: NO
( v ) FRAGMENT TYPE: internal

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:2:

GGTCAAAATA GGCTTGCATG TTTATTCTCC TAACTTATTA AGTAGCTATT ATATTCC

( 2 ) INFORMATION FOR SEQ ID NO3:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTIH: 46 basc pairs
( B ) TYPE: nuclcic acid
{ C ) STRANDEDNESS: singlc
{ D ) TOPOLOGY: lincar
( i i ) MOLECULE TYPE: DNA (gcnomic)
(i i1 )HYPOTIETICAL: NO

( i v ) ANTI-SENSE: NO

42
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( v ) FRAGMENT TYTE: inicrnal
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:3:

GTTAGGAGAA TAAACATGCA AGCCTATTTT GACCAGCTCG

{ 2 ) INFORMATION FOR $EQ ID NO:4:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: I8 basc pairs
{ B ) TYPE: nucleic acid
{ C ) STRANDEDNESS: single
{ D ) TOPOLOGY: lincar
{ i i) MOLECULE TYPE: DNA {genomic)
(i1 i) HYPOTHETICAL: NO
{ 1 v ) ANTI-SENSE: NO
( v ) FRAGMENT TYPE: inwcrnal

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:4:

GGTTGGCGTC GACAGAAC

( 2 ) INFORMATION FOR SEQ 1D NO:5:
( i ) SEQUENCE CITARACTERISTICS:
( A ) LENGTH: 48 basc pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: lincar
{ i i ) MOLECULE TYPE: DNA (genomic)
(i i1 )HYPOTHETICAL: NO
{ i v ) ANTI-SENSE: NO
{ v ) FRAGMENT TYPE: intcrnal
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:5:

COGTCTAAAAG ATTTTAAGAA AGGTTTCGAT ATGACGGACA

( 2 ) INFORMATION FOR SEQ ID NO:6:
( i ) SEQUENCE CHARACTERISTICS:
( A Y LENGTH: 49 basc pairs
( B ) TYPE: nuclcic acid
¢ C ) STRANDEDNESS: single
( D ) TOPOLOGY: lincar
{ i i ) MOLECULE TYPE: DNA {genomic)
(i 11 )HYPOTHETICAL: NO
( i v ) ANTI-SENSE: NO
( v ) FRAGMENT TYPE: internal
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:6:

CATTTTGACT CCAGATCTAG ATTACAGCAG ATCGCCGATC

( 2 ) INFORMATION FOR SEQ ID NO::

( 1 ) SEQUENCE CHARACTERISTICS:
( A ) LENGTIL 24 basc pairs
( B ) TYPE: nucleic acid
{ C ) STRANDEDNESS: single
( D ) TOPOLOGY: lincar

( i i ) MOLECULE TYPE: DNA (genomic)

ATCGCG

AATTGACC

ATTTTTTCC
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) HYPOTHETICAL: NO
) ANTI-SENSE: NO
} FRAGMENT TYPE: intcrmal

) SEQUENCE DESCRIPTION: SEQ D NO:7:

CCAGATCTCC AGTTACTCAA TACG

( 2 ) INFORMATION FOR SEQ ID NO:8:

( i ) SEQUENCE CHARACTERISTICS:

(i
(i

(i

(x

i

i

v

v

i

( A ) LENGTII: 47 basc pairs
{ B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
{ D ) TOPOLOGY: lincar
) MOLECULE TYPE: DNA (genomic)
) HYPOTHETICAL: NO
} ANTL-SENSE: NO
) FRAGMENT TYPE: iniernal

) SEQUENCE DESCRIPTION: SEQ ID NO:8:

24

GGTCAATTTG TCCGTCATAT CGAAATTTTC TTAAAATCTT TTAGACG 47

( 2 ) INFORMATION FOR SEQ ID NO:%:

(

{ x

i

ii

iy

) SEQUENCE CHAPACTERISTICS:
{ A ) LENGTH: 29 basc pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: lincar
) MOLECULE TYPE: DNA (gcnomic)
) HYPOTIETICAL: NO
) ANTI-SENSE: NO
) FRAGMENT TYPE: internal

y SEQUENCE DESCRIPTION: SEQ ID NG:%:

GCTCTAGACG ATCTGGAGTC AAAATGTCC

{ 2 ) INFORMATION FOR SEQ ID NO:10:

( i ) SEQUENCE CHARACTERISTICS:

{x

ii

iV

v

i

( A ) LENGTH: 28 basc pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: singlc
( D ) TOPOLOGY: lincar
) MOLECULE TYPE: DNA (genomic)
) HYPOTHETICAL: NO
) ANTI-SENSE: NO -
) FRAGMENT TYPE: internal

) SEQUENCE DESCRIPTION: SEQ D NO:10:

AGATCTGCGC AAACGGACAT TATCAAGG

What is claimed is:
1. A microorganism of the genus Zymomonas containing said microorganism is capable of growing on xylose as a

exogenous genes encoding xylose isomerase, xylulokinase, 65
transaldolase and transketolase and further comprising at
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lates the expression of at least one of said genes, and wherein

sole carbon source and fermenting said xylose to ethanol at

least one promotor recognized by Zymomonas which regu- about 88% theoretical yicld and, wherein said microorgan-
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ism without said genes is incapable of growing on or
fermenting said xylose to cthanol.

2. A microorganism according to claim 1, wherein the
genes encoding xylose isomerase, xylulokinase, transaldo-
lasc and transkctolase were obtained from bacteria selected
from the group consisting of Xanthomonas, Klebsiclla, E.
coli, Rhodobacter, Flavobacterium, Acetobacter, Glucono-
bacter, Rhizobium, Agrobacterium, Salmonella and
Pseudomonads.

3. A microorganism according to claim 1, wherein the
genes are integrated into the host genome.

4. A microorganism according to claim 1, wherein said
genes are contained on a-vector.

5. A microorganism according to claim 4, whercin said
xylosc isomerase and xylulokinase genes are expressed
under the control of a glyceraldehyde-3-phosphate dehydro-
genasc promoter recognized by Zymomonas and said tran-
saldolasc and transketolase gencs arc expressed under the
control of a enolasc promoter recognized by Zymomonas.
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6. A vector comprising genes encoding xylose isomerase,
xylulokinase, transaldolase and transketolase and at least
onc promoter recognized by Zymomonas which regulates
expression of said genes.

7. A vector according to claim 6, wherein the enzymes
transaldolase and transketolase are regulated by an enolase
promoter recognized by Zymomonas.

8. A vector according to claim 6, wherein the genes
encoding xylose isomerase and xylulokinase arc regulated
by a glyceraldehyde-3-phosphate, dehydrogenase promoter
recognized by Zyomomonas.

9. A microorganism according to claim 2, wherein the
genes encoding xylose isomerase, xylulokinase,transaldo-
Jase and transketolase are obtained from E. coli.



